Plants and their herbivores constitute more than half of the organisms in tropical forests. Therefore, a better understanding of the evolution of plant defenses against their herbivores may be central for our understanding of tropical biodiversity. Here, we address the evolution of antiherbivore defenses and their possible contribution to coexistence in the Neotropical tree genus Inga (Fabaceae). Inga has >300 species, has radiated recently, and is frequently one of the most diverse and abundant genera at a given site. For 37 species from Panama and Peru we characterized developmental, ant, and chemical defenses against herbivores. We found extensive variation in defenses, but little evidence of phylogenetic signal. Furthermore, in a multivariate analysis, developmental, ant, and chemical defenses varied independently (were orthogonal) and appear to have evolved independently of each other. Our results are consistent with strong selection for divergent defensive traits, presumably mediated by herbivores. In an analysis of community assembly, we found that Inga species co-occurring as neighbors are more different in antiherbivore defenses than random, suggesting that possessing a rare defense phenotype increases fitness. These results imply that interactions with herbivores may be an important axis of niche differentiation that permits the coexistence of many species of Inga within a single site. Interactions between plants and their herbivores likely play a key role in the generation and maintenance of the conspicuously high plant diversity in the tropics. plant defenses ͉ community assembly ͉ phylogenetic signal ͉ herbivory ͉ tropical diversity
B
ecause plants and herbivores constitute more than half of the macroscopic diversity on Earth, their interactions play a fundamental role in biodiversity and ecosystem function. Two central issues are how defenses against herbivores have evolved and how such variation in defenses among species might regulate plant community composition (1) (2) (3) (4) (5) (6) . Here, we use a phylogenetic approach to investigate the diversification of antiherbivore defenses and their role in community assembly.
Several paradigms dominate our understanding of plant/ herbivore macroevolution. Ehrlich and Raven (7) observed that related plants host similar herbivores and suggested that plantherbivore coevolution is driven by changes in plant secondary metabolites. Their hypothesis predicts that more closely related species should have more similar chemistry (8, 9 ). An alternative hypothesis is that natural selection caused by herbivores may result in rapid trait evolution such that closely related species have divergent defenses. Another distinct, and widely accepted, proposition suggests that species coexisting at a single site are likely to differ in key ecological niche dimensions (10, 11) .
Here, we examine the diversity of antiherbivores defenses, their phylogenetic signal, and their contribution to species coexistence in the tree genus Inga (Fabaceae: Mimosoideae). Inga diversified rapidly during the last 2 million to 10 million years and now has Ͼ300 species distributed throughout the Neotropics (12, 13) . Furthermore, Inga is one of the most species-rich and abundant genera in local communities (14) with 43 species comprising 6.0% of the stems recorded from 25 ha in Ecuador (15) . In 50 ha in Panama, Inga comprises 7% of all tree species (16) .
We measured antiherbivore defenses in Inga for 12 species in Panama and 31 species in Peru (six species are shared). We focused our study on the defenses of young, expanding leaves because their rate of damage is Ϸ100-fold higher than for mature leaves and they receive Ͼ80% of the damage accrued throughout the lifetime of a leaf (17, 18) . During the very short period (1-3 weeks) of leaf expansion in the Inga study species, 25% of the leaf area was eaten in Panama and 37% was eaten in Peru (Fig. 1A) . Therefore, we argue that the defense traits under the strongest natural selection are those of young leaves. Chemical defenses are likely important for young leaves as Inga species invest up to 50% dry weight (DW) of young leaves in secondary metabolites (19) . Young leaves are also defended against herbivory through developmental defenses such as rapid leaf expansion or delayed chloroplast development (20) (21) (22) (23) . Finally, Inga leaves have extrafloral nectaries that produce nectar and attract leaf-defending ants only during leaf expansion (Fig. 1B and refs. 24-26 ). Thus, we measured the following defensive traits on young leaves: the presence or absence of chemical compounds from classes that are relevant to antiherbivore defense, the rate of leaf expansion, chloroplast development (chlorophyll content), and the average number of ants per extrafloral nectary.
The primary goal of this study is to determine how interspecific variation in defenses may contribute to our understanding of the origin and maintenance of tropical diversity. Therefore, we also constructed a phylogenetic hypothesis for all of the focal species by using plastid DNA sequence data. We also assessed coexistence in the field by using data on the abundance and richness of Inga from the 50-ha forest dynamics plot in Panama and a network of tree plots in southern Peru. These data allowed us to test the above-mentioned hypotheses that pertain to defense evolution (7-9) and community assembly (10, 11) by asking whether or not (i) defense traits are phylogenetically conserved and (ii) coexisting species differ more in defense strategies than would be expected by chance.
Results and Discussion
Chemical defenses vary considerably among Inga species and include compounds belonging to several distinct classes that are known for their antiherbivore effects (27) . Secondary metabolites include phenolics, saponins and nonprotein amino/imino acids, and an overexpressed protein amino acid, tyrosine (28) (29) (30) . Twelve types of metabolites were identified that arise from branch points in the shikimic acid, phenylpropanoid and flavonoid pathways ( Fig. S1 ; referred to as ''phenolics''). These include quinic, gallic, and cinnamic acid derivatives and tyrosine and tyramine, either in pure or conjugated form. The most common and widespread phenolics were the flavan-3-ols, the polymeric forms of which are called condensed tannins.
Thirty-two species contained one or more forms of phenolic metabolite; 12 species contained saponins. In all, the 37 study species were distributed among 13 distinct chemotypes, each a unique combination of phenolics and saponins (Table S1 ). The most common chemotype, polymers of the flavan-3-ol, gallocatechin-epigallocatechin gallate, was shared by 11 species. In addition to Inga, this class of metabolites is known from at least two genera of mimosoid legumes Stryphnodendron (31) and Cojoba (Table S2) , which suggests that it may be the ancestral chemical defense in the genus. All other chemotypes were considerably less common: nine of the 13 chemotypes were represented by only one or two species (Table S1) .
Eleven species from Panama were also examined for protein/ nonprotein amino/imino acid content, a class characteristic of legumes (32) . There were 17 different compounds (Table S1 ), 11 of which are derived from five different amino acid precursors (33) , with the remainder being uncharacterized. No two species had the same suite of compounds.
The rate of leaf expansion, a key developmental defense, determines how long a leaf is tender and vulnerable to herbivores. This rate varied widely among species, ranging from 16% to 80% per day (Fig. 2) , equivalent to the variation among all non-Inga species sampled (34, 35) . The chlorophyll content of young leaves also varied (Fig. 2) , with some species having almost white young leaves (20 mg⅐m Ϫ2 ) and others with normal greening (156 mg⅐m Ϫ2 ). There was a significant negative relationship between expansion and chlorophyll within Inga (Fig. 2) , which was true for each site independently (Panama, r 2 ϭ 0.71, P Ͻ 0.001; Peru, r 2 ϭ 0.41, P Ͻ 0.001) and all species together (r 2 ϭ 0.50, P Ͻ 0.001).
To test whether the correlations between expansion and chlorophyll could be caused by convergence, we examined their phylogenetically independent contrasts (PICs) (36) . There was a significant negative correlation between PICs for the two traits (across 200 randomly selected Bayesian trees: r 2 ϭ 0.37, P ϭ 0.0001, P Ͻ 0.05 for 99% of trees). We have argued that this widespread tradeoff may be caused by an unavoidable physiological constraint that restricts simultaneous allocation of resources to both rapid expansion and the costly photosynthetic system (21) (22) (23) . A second, although not mutually exclusive, explanation is that this association could arise because of pleiotropic effects.
Ant abundance, a biotic defense, also varied among Inga species. Ant visitation to the extrafloral nectaries of young leaves differed 20-fold among species and on average was 2.3 times higher in Peru compared with Panama (t test, P Ͻ 0.001; Fig. S2 ). We tested the hypothesis that ant visitation could be associated with developmental defenses. Using nonphylogenetic regressions and PICs, we found no significant correlation between expansion rates and ant visitation (r 2 ϭ 0.01, P ϭ 0.72, Fig. S2 ; PICs: r 2 ϭ 0.01, P ϭ 0.48) or between chlorophyll and ant visitation (r 2 ϭ 0.01, P ϭ 0.51; PICs: r 2 ϭ 0.01, P ϭ 0.45). The chemical, nectary, and leaf-development traits discussed above vary considerably among species. The broad distribution of traits seen in Inga could result from two quite distinct evolutionary trajectories. The species with dissimilar defenses could be the most phylogenetically distant (high phylogenetic signal), a pattern consistent with Ehrlich and Raven's (7) view of plant-herbivore macroevolution. Alternatively, close relatives may have divergent defenses (low phylogenetic signal), an unexpected pattern that would suggest distinct macroevolutionary processes.
Are More Closely Related Species More Similar in Their Defenses?
The assumption that more closely related species have similar defenses has dominated coevolutionary theory (7) . However, within the genus Inga, we inferred that defense strategy shows little phylogenetic signal. Our phylogenetic hypothesis for Inga species, based on Ϸ6,000 bp of plastid DNA sequence and inferred by using Bayesian approaches, resolves several clades with strong support (posterior probabilities Ն95%; Fig. 3 ). This phylogenetic tree shows more resolution than that of Richardson et al. (13) , who sampled fewer Inga species and used only Ϸ1,500 bp of DNA sequence.
We quantified the chemical distances between species based on the number of compounds for which species differed (see Materials and Methods). We found a weak correlation between phylogenetic distance and chemical distance between species, based on combining data on saponin and phenolic compounds and weighting them equally (Mantel Tests across 200 Bayesian trees, r ϭ 0.13, P ϭ 0.041, P Ͻ 0.05 for 70% of trees; Fig. S3 ). The weak phylogenetic signal for total chemical distance derives from moderate similarity in phenolic chemistry of closely related species (Mantel Tests, r ϭ 0.23, P ϭ 0.021, P Ͻ 0.05 for 95% of trees). There was no relationship between phylogenetic distance and saponin chemical distance (Mantel Tests, r ϭ 0.03, P ϭ 0.31), and for Panamanian species, there was no relationship between phylogenetic and amino/imino acid chemical distances (Mantel Tests, r ϭ Ϫ0.04, P ϭ 0.51).
We also compared the phylogeny with a dendrogram of the chemical similarities among species of Inga (Fig. 3) . Inspection of Fig. 3 showed weak congruence. Some closely related species (I. capitata, I. morphosp.12 and I. morphosp.35) shared similar chemistry, but more frequently, close relatives were chemically dissimilar. For example, the clade containing I. umbellifera, I. brevipes, I. morphosp.36, and I. heterophylla exhibited chemical profiles that spanned the entire chemical space. For the five species having only saponins, two, I. morphosp.59 and I. morphosp.13, are sister in the phylogeny, whereas the other three species, I. alba, I. sapindoides, and I. tomentosa, are placed in three other clades. We conclude that, for Inga, related species are more divergent in their secondary metabolite composition than expected by chance.
To test for a phylogenetic signal for developmental and ant defenses, we first conducted a principal component analysis (PCA) to determine the orthogonality of these two proposed defense strategies. The first axis was highly correlated with expansion rate and chlorophyll content (development), whereas the second axis was highly correlated with ant visitation rates. The first axis showed significant phylogenetic signal (Blomberg's K across 200 Bayesian trees: K ϭ 0.69, P ϭ 0.04, P Ͻ 0.05 for 73% of trees) (37), although still lower than the expected value of one under pure Brownian evolution. The second axis showed no detectable phylogenetic signal (K ϭ 0.42, P ϭ 0.87). To further visualize the evolution of these characters, we classified species into the conventional categories of ''escape'' vs. ''defense'' (35) based on species' coordinates in Fig. 2 and as having high vs. low ant visitation. These binary characters showed no detectable phylogenetic signal when mapped onto 100 Bayesian trees sampled at stationarity (Fig. S4 ) (ref. 38 and http:// mesquiteproject.org). We also show in Fig. 3 how species were classified with respect to escape vs. defense. Hence, we found a significant phylogenetic signal only for developmental traits and only in the case when we treated these defenses as quantitative traits and analyzed them by PCA.
We also assessed Mantel correlations of the chemical distances between species with the differences between species in the values along each of the two principal component axes representing developmental and ant defense. Neither was correlated with chemistry (first axis: Mantel r ϭ Ϫ0.03, P ϭ 0.49; second axis: Mantel r ϭ Ϫ0.01, P ϭ 0.85). These results and the PCAs suggest that developmental, ant, and chemical profiles are independent defensive strategies that also have evolved independently of one another. Species in the cotton clade also showed independent evolution of ant and chemical defenses (39) .
We have sampled only 37 species of Inga, and further sampling could result in subclades showing more uniformity in defensive strategies. However, that is unlikely for several reasons. First, our sampling spans the taxonomic diversity of the genus, representing 9 of 14 sections recognized by Pennington (12) . Second, some of the species included are definitively shown to be closely related but chemically divergent. For example, two species pairs show a profound lack of sequence divergence in the rapidly evolving plastid regions we have used. These are I. goldmanii and I. multijuga, identical for Ϸ6,000 bp of plastid DNA, and I. leiocalycina and I. morphosp.6, differing by two substitutions in 6,000 bp; and they nevertheless show contrasting chemical defenses (Fig. 3) .
Although there is a significant association of developmental defense strategy with phylogeny, we find little evidence for phylogenetic signal in the other, independent defense traits, ants, and chemistry. Our data show both extensive variation in defense traits and considerable differences among close relatives, a pattern that is consistent with defense strategies in Inga being evolutionarily labile (40) . This finding contrasts with the prevailing hypothesis [Ehrlich and Raven (7)], which implies that closely related plant species should be similar in defense strategies. Few studies have examined defenses across many related species, although terpenes in the genus Bursera (Burseraceae) showed low congruence between a chemical dendrogram and a phylogeny (3).
Coexistence and Defense Trait Similarity. Could antiherbivore defenses be an important mechanism of niche partitioning in community assembly? To address this question, we assessed phylogenetic and defense trait dispersion in Inga communities. We used the inverse of the metrics of Webb (41) so that positive values represent overdispersion and negative values represent underdispersion. In the 50-ha forest dynamics plot in Panama, we found that co-occurring Inga species are more distantly related than expected by chance (overdispersion; Fig. 4 ; across 200 Bayesian trees, two-tailed t tests: N RI ϭ 0.68, t ϭ 15.83, P Ͻ 0.00001, P Ͻ 0.05 for 100% of trees; N TI ϭ 0.50, t ϭ 7.83, P ϭ 0.005, P Ͻ 0.05 for 99% trees). In contrast, in Peru we found phylogenetic underdispersion of Inga communities ( Fig. 4 ; twotailed t tests: N RI ϭ Ϫ0.66, t ϭ Ϫ5.08, P Ͻ 0.0002, P Ͻ 0.05 for 100% of trees; N TI ϭ Ϫ0.50, t ϭ Ϫ3.15, P ϭ 0.021, P Ͻ 0.05 for 91% trees). This site difference likely reflects the different spatial and environmental scales that were sampled. In Panama, Fig. 3 . Phylogenetic tree (Left; 50% majority rule consensus tree from Bayesian analysis of 6,000 bps of plastid DNA) and chemistry dendrogram (Right) for Inga species. Thickened branches on the phylogeny represent Ͼ0.95 posterior probability for the adjacent node. The chemistry dendrogram was generated by using hierarchical clustering of presence/absence data for 13 defense chemicals (phenolics and saponins, weighted equally). Thickened branches are adjacent to nodes with P Ͻ 0.1 according to multiscale bootstrapping analysis (approximately Ͼ90% bootstrap support; see SI Text). Species in bold are classified as defense (see Fig. 2 ), and other species are classified as escape. Gray species are unclassified because of lack of data.
we assessed co-occurrence within the homogenous habitat of the 50-ha plot (local spatial scale). In Peru, we sampled across a 150-ϫ-200-km area (regional spatial scale) and in two different habitat types, terra firme and floodplain forest (42) . We suggest that a phylogenetic signal for traits associated with habitat preference (cf. ref. 41 ) may underlie the contrasting phylogenetic structures.
At both spatial scales, including Peru where neighbors were close relatives, the co-occurring species were more dissimilar than expected at random for a defense index combining the developmental, ant, and chemical traits (see Materials and Methods; Fig. 4 ; Peru: one-tailed t test: N RI ϭ 0.32, t ϭ 2.26, P ϭ 0.016; N TI ϭ 0.40, t ϭ 3.56, P ϭ 0.0007; Panama: one-tailed t test: N RI ϭ 0.60, t ϭ 13.75, P Ͻ 0.00001; N TI ϭ 1.06, t ϭ 17.35, P Ͻ 0.00001). We also assessed the dispersion of two leaf traits that are likely unrelated to herbivore defense, the presence vs. absence of wings on the rachis and the number of leaflets per leaf. We found no evidence for overdispersion of leaf traits in Panama (one-tailed t test: N RI ϭ ؊0.68, t ϭ Ϫ8.96, P Ͻ 0.00001; N TI ϭ Ϫ0.05, t ϭ Ϫ0.74, P ϭ 0.46) or Peru (N RI ϭ 0.29, t ϭ 1.33, P ϭ 0.196; N TI ϭ Ϫ0.04, t ϭ Ϫ0.16, P ϭ 0.87).
These results illustrate that, although nondefense traits such as leaflet number and presence of wings are randomly or underdispersed, defensive traits at both sites are overdispersed. Divergence in chemical defenses at single sites has also been shown for another speciose tree genus, Bursera (4). The co-occurrence of species having divergent defense strategies could be caused by herbivores preferentially foraging on individuals with common defense phenotypes. By such a mechanism, herbivores may structure the assembly of rainforest tree communities.
Conclusions
Our analysis of defenses is consistent with the idea that, in Inga, the arms race between plants and their herbivores has led to rapid and divergent trait evolution. The young leaves of Inga make substantial investments in chemical defenses [up to 50% of DW (19) ] and developmental defenses and extrafloral nectar, suggesting that herbivory is a strong selective agent. The chemical, biotic, and developmental defenses of young leaves showed considerable variation among species. The observations of Ehrlich and Raven (7) suggest that defenses evolve by small changes (8, 9) and low trait divergence also might be predicted from the recent radiation of Inga (13) . Instead we found a weak or no correlation of phylogeny with defensive traits. These results suggest divergent selection on, and rapid evolution of, antiherbivore defenses in Inga (40) and thus are consistent with the recognized importance of the interactions between hosts and natural enemies in driving diversifying evolution in both plants and animals (43) .
We also argue that divergent defenses could be a principal mechanism structuring community assembly. Most species of Inga are restricted to similar habitats and may vary little in resource use; they also have similar flower and fruit morphologies (12), thus suggesting similar pollinator and dispersal syndromes. Therefore, the high number of species of Inga, up to 43, that coexist at a single site (15) presents an enigma. We found that, regardless of whether the co-occurring species of Inga are less related (Panama) or more closely related (Peru) than expected by chance, the assemblage of Inga at a single site differs more in defense strategy than random. In addition, most lepidopteran herbivores specialize on a subset of the species of Inga present at a given site (44) . Therefore, for Inga species, high local abundance and diversity may be caused by antagonistic, densitydependent interactions with these specialized natural enemies. Thus, niche differentiation may occur via differences in antiherbivore defenses, rather than differences in resource use, pollination, or dispersal.
Are there parallels with other genera? A striking pattern in the tropics is the disproportionate contribution to total diversity made by genera having 100 or more species, such as Eugenia, Miconia, Piper, Pouteria, and Psychotria. Many such genera also have high local abundance and diversity (14) (15) (16) . For example, in 25 ha in Ecuador 10.7% of the species, 17% of the basal area, and 17% of the stems are contributed by only three genera (15) . In most speciose genera, as with Inga, the congeners appear to have similar functional morphologies, reproductive syndromes and habitat preferences, raising yet again the enigmatic issue of coexistence. Perhaps interactions with natural enemies will be key to understanding the maintenance of diversity in the tropics.
It also is unclear what ecological processes have driven speciation in the large genera typical of tropical rainforests. We argue that Inga's radiation seems unlikely to result from adapting to differences in the abiotic environment, pollinators, or seed dispersers. Instead, we suggest that the Inga radiation was driven by interactions with natural enemies (6) through the diversification of antiherbivore defenses. Thus, although links between herbivore pressure and host speciation in tropical forests are tentative, our hypothesis for rapid, divergent selection on antiherbivore defenses also may explain the radiations in Inga and other large genera in the tropics (6).
Materials and Methods
Study Sites. Data were collected in Panama and Peru. Barro Colorado Island (BCI) is a field station administered by the Smithsonian Tropical Research Institute in the Republic of Panama (9°N, 79°W) . The average total yearly rainfall is 2,600 mm, 90% of which falls during the rainy season from May through December, and the average daily temperature is 27°C. The vegetation is moist-lowland forest (45) . We used 0.25-ha subplots of the 50-ha forest dynamics plot on BCI to provide Inga community composition data for Panama (46) . The second field site was at Los Amigos Biological Station in Peru and is operated by the Amazon Conservation Association (13°S, 70°W). The site is Ϸ250 m above mean sea level, receives 2,600 mm of rainfall annually, and averages 24°C. The forest is lowland rainforest and encompasses terra firme (upland) forest and seasonally flooded forest. We used a network of 0.25-ha Inga plots across the department of Madre de Dios (in which Los Amigos is located and where two surveys were located) to provide community composition data for Peru (42) . We worked on the most common Inga species present at each site. We collected data on 12 species from Panama and 31 from Peru. Six species occurred in both Panama and Peru, based on similar morphology and DNA sequences. I. laurina, I. nobilis, I. ruiziana, and I. sapindoides had The departure of communities from the null expectation (zero) of communities being randomly assembled was evaluated by using two-sided t tests for phylogenetic dispersion and one-sided t tests for defense trait dispersion ( * , P Ͻ 0.05; ** , P Ͻ 0.01; *** , P Ͻ 0.001). similar secondary metabolite profiles, whereas the secondary metabolites of I. marginata and I. umbellifera, although similar, were not identical between sites.
Sample Collection. Ecological and defense trait data were taken for young leaves on understory saplings. Rates of young-leaf expansion were calculated as the percentage increase in area per day for leaves between 20% and 80% of full size. The number of ants visiting extrafloral nectaries of young leaves was counted (number of ants per nectary) during censuses along trails between 10 AM and 3 PM. Chlorophyll content (mg⅐m Ϫ2 ) was determined for young leaves estimated to be between 60% and 80% of full size. See SI Text for detailed methods and Table S3 for species values.
Chemical Analyses. Leaves collected for chemical analysis were processed and stored on site in Peru and Panama before shipment to Utah (see SI Text for details). An Inga-specific fractionation protocol (Fig. S5 ) developed in the lab at the University of Utah produced seven chemically distinct (19, 47) fractions: lipids, phenolics, saponins, amino acids, organic acids, proteins, and the insoluble parts of the cell walls (marc). Two of these, phenolics and saponins, either have been shown to account for the great majority of the deterrent activity in Inga extracts (19, 47) or are presumed to be deterrent based on their mass abundance and the literature (27) . The phenolic fraction, when present, was analyzed in detail for chemical content. Analysis was by HPLC with detection by photo-diode array (for UV-absorbing metabolites) and evaporative light-scattering (ELS) or electrospray ionization (ESI) MS. Based on earlier work with Inga defense chemistry (19, 28 -30, 47) , we were in many cases able to identify whole classes of compounds (e.g., catechin/epicatechin polymers) solely by their UV absorption and mass spectra. Where this was not possible, the structures of unknowns were solved explicitly by NMR and high-resolution MS (28 -30, 47) . For a complete description of phenolic chemical structures, see Fig. S1 . Each species was classified according to chemotypes that were based on the class of phenolic metabolite and the presence/absence of saponins when either one or both were present. If either phenolics or saponins was 5% or less of the total active fraction (as estimated by ELS detection), it was omitted from the analysis. Ten species from Panama were analyzed by HPLC-ESI-MS for protein/nonprotein amino/imino acid content. Metabolites having primary or secondary amines were first derivatized (48) . Tertiary amines were analyzed directly. One other Panama species, I. laurina, was analyzed by gas chromatography after derivatization (49) . Several individuals from each species were analyzed separately and, in all cases, chemical profiles based on presence/absence of compounds were identical within a species.
Phylogenetic Reconstruction. Samples for DNA were dried in silica gel, and sterile and fertile herbarium vouchers were identified by using the taxonomic monograph of Inga (12) and verified by its author T.D. Pennington (Royal Botanic Gardens, Kew; Table S4 ). Total genomic DNA extraction followed Richardson et al. (13) . Six plastid DNA regions were sequenced: trnLF (50), trnD-T (47, 51) and additional internal sequencing primers designed for this study: psbA-trnH (52, 53) , rps16 (54) , rpoC1 (55) , and ndhF-rpl32 (56) . All primer sequences plus PCR and sequencing protocols are in SI Text.
Bayesian analysis was performed by using MrBayes 3.1.1 (57) with 5,000,000 generations of four simultaneous MCMC chains, sampling one tree every 10,000 generations. MrModelTest 3.7 (58) was used to select the best-fitting substitution model for each plastid region. Phylogenetic trees were rooted by using outgroup sequences from Zygia, which is shown to be most closely related to Inga in phylogenetic analyses using multiple genera from tribe Ingeae.
We assessed correlations between expansion rate, chlorophyll content, and ant visitation by using linear regressions and PICs (36) . We evaluated chemical distances between species as the number of compounds for which species have a different state (presence vs. absence), standardized by the maximum observed distance. We assessed the correlation between chemical and phylogenetic distance by using Mantel tests. The chemistry dendrogram (Fig. 3) was constructed by using hierarchical clustering (59) . We conducted a PCA on continuous trait data to derive independent axes of defense trait variation. We evaluated phylogenetic signal for the first two axes (the two axes that showed eigenvalues Ͼ1) by using analyses of Blomberg's K (37). We evaluated a possible evolutionary relationship between chemical defense strategy and these axes by using a Mantel test relating chemical distance to differences between species along the first two axes.
We evaluated the distance between species in defense traits as the average of distances for the different chemical classes and for distances between species in escape/defense (developmental) strategy and ant visitation rates. We standardized each chemical or other defense class or axis to vary from 0 and 1, such that each was weighted equally in the total defense trait analyses. We evaluated the distance between species in leaf traits (wings and leaflet number) as the average distance between species along two axes derived from a principal component analysis of the leaf traits. All analyses were conducted in the R statistical environment (R Core Development Team 2009), and details can be found in SI Text.
